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Abstract: Thin pad detectors made from 75 µm thick epitaxial silicon on low resistivity substrate
were irradiated with reactor neutrons to fluences from 2.5×1016 n/cm2 to 1×1017 n/cm2. Edge-TCT
measurements showed that the active detector thickness is limited to the epitaxial layer and does
not extend into the low resistivity substrate even after the highest fluence. Detector current was
measured under reverse and forward bias. The forward current was higher than the reverse at the
same voltage but the difference gets smaller with increasing fluence. Rapid increase of current
(breakdown) above 700 V under reverse bias was observed. An annealing study at 60◦C was made
to 1200 minutes of accumulated annealing time. It showed that the reverse current anneals with
similar time constants as measured at lower fluences. A small increase of forward current due to
annealing was seen. Collected charge was measured with electrons from 90Sr source in forward
and reverse bias configurations. Under reverse bias the collected charge increased linearly with
bias voltage up to 6000 electrons at 2.5×1016 n/cm2 and 3000 electrons at 1×1017 n/cm2. Rapid
increase of noise was measured above ∼ 700 V reverse bias due to breakdown resulting in worse
S/N ratio. At low bias voltages slightly more charge is measured under forward bias compared to
reverse. However better S/N is achieved under reverse bias. Effective trapping times were estimated
from charge collection measurements under forward bias showing that at high fluences they are
much longer than values extrapolated from low fluence measurements - at 1×1017 n/cm2 a factor of
6 larger value was measured.
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*Work performed in the framework of the CERN-RD50 collaboration.
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1 Introduction
In this paper we report about measurements with silicon detectors irradiated to extreme fluences of
up to 1017 n/cm2 1 MeV neutron equivalent fluence in silicon. Such radiation levels are expected
in hadron colliders planned for the post LHC era. One of the proposals is FCC-hh - the Future
Circular Collider for hadrons, a 100 km long synchrotron at CERN. FCC will accelerate protons
up to energies of 50 TeV per beam allowing 100 TeV collisions at very high rate [1], generating an
extreme radiation environment for the tracking detectors near the interaction point [2]. Radiation
levels will be several times harsher than, for example, in the upgraded ATLAS experiment at
HL-LHC. The innermost (exchangeable) pixel layer in ATLAS must withstand a maximal fluence
of 2·1016 n/cm2 [3, 4]. Estimates of FCC hadron fluences in the innermost tracking layers after
integrated luminosity of 30 ab−1 approach 1018 neq/cm2.
Not many measurements at fluences in the range of 1017 n/cm2 have been published so far.
Measurements of charge collection with 90Sr source up to 1.6·1017 n/cm2 are reported in [5]. Pre-
liminary Edge-TCT studies with strip detectors irradiated up to 1017 n/cm2 presented at workshops
[6, 7] showed that information about carrier mobility can be extracted from these measurements.
But obviously many more studies are necessary to understand performance of silicon detectors in
such an extreme environment and to extract parameters needed for reliable modeling of detector
performance at future colliders. In this work we write about a systematic set of measurements with
thin silicon pad detectors irradiated up to 1017 n/cm2.
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2 Samples
It is clear that at high fluences detectors should be thin and operated at high bias voltages to increase
charge collection. At high fluences thinner detectors outperform thicker ones at same bias voltage.
The reason is the larger electric field and consequently longer drift distance, while the effect of
more charge generated in a thicker detector by the charged particle crossing is offset by drift in the
lower weighting field.
Figure 1. Photo of the detector used in this study. The dimension of the collection electrode with a hole in
the metallization is indicated. The electrode is surrounded by a guard ring and by a p-stop implant.
For this study a set of thin 3 mm x 3 mm pad detectors with a guard ring were used (Fig.
1). Detectors were produced by CNM, Spain [8] on a 75 µm thick p-type epitaxial layer with
resistivity of ∼ 100 Ωcm supported by 500 µm thick low resistivity (6·10−3Ωcm) Cz substrate. The
detectors are actually Low Gain Avalanche Detectors (LGAD) [9] so they have a thin (few µm)
p-type multiplication layer implanted below the n+ layer of the collection electrode surrounded by
junction termination extension (JTE) structure allowing operation up to high bias voltages. The
gain of these devices before irradiation was low, slightly above 1 [10], and this gain was lost by
heavy irradiation because of the initial acceptor removal [11] so they behaved like standard thin
p-type pad detectors. They were used because 75 µm is the right thickness to ensure high electric
field at reachable bias voltages and at this thickness E-TCT measurements are still feasable.
3 Irradiation and measurements
Detectors were irradiated with neutrons in the TRIGA reactor in Ljubljana [12, 13] to three fluences:
2.5·1016, 5.7·1016 and 1·1017 neq/cm2 (1 MeV neutron equivalent),two devices per fluence. Three
irradiation channels were used for this irradiation, each with different neutron flux (see [12]) so that
irradiation time for the three fluences was about 4 hours. After irradiation detectors were kept in
the freezer. The uncertainty on the fluences is about 10%.
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3.1 Edge-TCT
After irradiation, Edge-TCT [14] measurements were performedmainly to cross check the thickness
of the active region. Although the devices were fabricated on a substrate with very low initial
resistivity, this check was made to exclude the possibility that the electric field extends into the
substrate after heavy irradiation as a consequence of initial acceptor removal. Measurements were
made on the Edge-TCT setup produced by Particulars [15]. Pad detectors are not ideal for Edge-TCT
measurements because of their large readout electrode in the direction of the laser beam. As the
laser light propagates through the silicon the beam spot diameter increases beyond the beam waist
due to diffraction [16] and the depth of charge creation is not defined as well as in strip detectors.
The effect is also expected to be somewhat less pronounced after high irradiation because of the
increased laser light absorption [17]. In addition, illumination of the top side of the detector and
reflections within the detector may obscure the measurement. To avoid these uncertainties, Edge-
TCT measurements were made by observing the induced current from the guard ring - the n-doped
ring surrounding the main electrode without the multiplication layer (see Fig. 1) instead of the main
electrode.
a) b) c)
d) e) f)
Figure 2. Charge collection profiles under reverse bias (a,b,c) and forward bias (e,d,f). Detector surface is
at y = 0 µm.
As explained in more detail in [14], in Edge-TCT measurement a short pulse ( < 1 ns) of
narrow (∼ 10 µm) laser beam (λ = 1064 nm) is directed to the side of the detector and the current
induced on the readout electrode observed using a wide band amplifier. The output of the amplifier
is recorded with a digital oscilloscope. The integral of the recorded waveform is proportional to
collected charge. It is calculated offline; an integration time of 10 ns was used in this work.
Figure 2 shows charge collection profiles i.e. the collected charge as the function of detector
depth for irradiated detectors. Measurements were made under reverse and forward bias. The
highest bias voltage at which measurements were made was limited by maximal current of 500 µA.
Profiles were measured at ∼ -10◦C which was the lowest temperature achievable with the system
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used. It can be seen in Fig. 2 that charge is collected only from the 75 µm thick epitaxial layer
and there is no significant electric field in the low resistivity substrate, including in in the sample
irradiated to highest fluence.
It can also be noted in Fig. 2 that charge is collected across the entire depth of the epitaxial
layer even at lowest reverse bias voltages. This is in agreement with other measurements of heavily
irradiated detectors [19, 20] where significant electric field is found across the entire bulk and near
the back electrode at low bias voltages. This is a consequence of polarization (or double peak)
effects in heavily irradiated silicon. High resistivity of irradiated silicon enables operation at high
forward bias voltages [20–22] and the electric field in irradiated forward biased detectors is to a
large extent a consequence of the high ohmic resistivity of bulk [20] material.
3.2 Charge collection
Charge collection measurements were made with the experimental setup described in more detail in
[23]. Device Under Test (DUT) is mounted in an aluminium box with 1 mm diameter holes on both
sides to collimate electrons from 90Sr source. The box is mounted on a cooled plate above a small
scintillator, matching approximately the size of the DUT. Only electrons from the high-energy end
of the 90Sr spectrum have sufficient energy to traverse the silicon detector and trigger the readout by
depositing sufficient energy in the scintillator coupled to a photomultiplier. The n+ electrode was
connected to readout while guard ring was floating. When triggered by the photomultiplier a digital
oscilloscope records the waveform from the custom made shaping circuit with 25 ns peaking time,
processing the signal from the Ortec 142 charge sensitive preamplifier. Collimators and sufficient
active area of the DUT ensure that more than 97% of recorded waveforms are associated with the
passage of an electron through the detector. This enables a measurement of collected charge even
at very low signal-to-noise ratios when the noise and the signal peak can not be separated. In such
a case the mean of the signal distribution sampled at the time of the peak of the amplifier-shaper
output is proportional to the mean collected charge in the DUT. The absolute scale of the system
was calibrated by measuring the Most Probable Value (MPV) of collected charge of a standard 300
µm thick fully depleted silicon detector and confirmed with 59.5 keV photons from 241Am source.
Charge collection measurements were made at T = -30◦C. Detectors were biased with high
voltage power supply and the detector current was monitored during charge collection measure-
ments. Guard ring was left unconnected. Measurements were made under reverse and forward bias.
The bias voltage was increased until large fluctuations of the baseline (∼ 3× or more larger than at
low bias) were observed in the oscilloscope.
3.2.1 Current
Figure 3 shows the detector current density as a function of bias voltage at T = -30◦C measured in
the charge collection setup. The reverse current was measured after annealing for 80 minutes at
60◦C while a complete set of measurements of the forward current was made after 1200 minutes of
annealing. But, as will be shown later, annealing effects on the forward current are small. Detector
current under forward bias is larger than under reverse bias at the same voltage but the difference
gets smaller at higher fluences. It can also be seen that at given voltage under reverse bias the current
increases with increasing fluence, while under forward bias it falls, indicating different sources of
current. Under forward bias the current is due to injection of carriers from the junction and it falls
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a) b)
Figure 3. Current density vs. bias voltage at -30◦C for a) forward bias and b) reverse bias. Measurements
with two devices per fluence are shown.
with irradiation (at given bias) because of increasing material resistivity, while under reverse bias
carriers also originate from the generation in the depleted bulk.
3.2.2 Collected charge
Figure 4 shows the mean charge as a function of forward and reverse bias voltage. Mean charge is
shown because in these measurements signal/noise ratio is very low and spectra can be well fitted
with a Gaussian function. At bias voltages below ∼ 400 V more charge is measured under forward
bias while at higher voltages charge collection under reverse bias is larger.
In reverse bias the mean charge increases almost linearly with increasing voltage. Somewhat
faster increase can be seen above 800 volts for the lowest fluence which is an indication of charge
multiplication. Linear increase with the reverse bias voltage at extreme fluences was measured also
in [5] and an empirical formula describing scaling of the collected charge with fluence and bias
voltage was introduced. The same ansatz was also explored here:
Q = k · Φb · V, (3.1)
where Q is the mean collected charge, Φ the equivalent fluence in units of 1015 n/cm2 and V the
reverse bias voltage. Parameters k = 44 el/V and b = −0.56 were determined from the fit to the
measured points. The formula 3.1 has no direct physical explanation but it is useful for a rough
estimation of the collected charge. In [5] parameter values k300 = 26.4 el/V and b300 = −0.683
were found for most probable charge in 300 µm thick detectors. Evaluating equation 3.1 for V =
600 V and Φ = 1017 n/cm2 yields Q = 2000 el and for 300 µm detector with k300 and b300 on gets
Q300,MPV = 680 el which should be multiplied with 1.25 Q300 = 850 el to take into account that
equation 3.1 describes mean charge, not most probable value, measured with 75 µm thick detector.
This clearly shows that at extreme fluences significantly more charge is collected with thin detectors
at same reverse bias voltage.
Increase of bias voltage is accompaniedwith an increase of detector current leading to increased
noise thus affecting the signal/noise ratio. In addition, approaching operation with gain and
breakdown increases fluctuations of collected charge even further. Figure 5 shows noise and
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a) b)
Figure 4. Mean charge vs. bias voltage for a) forward bias and b) reverse bias at different fluences. Dashed
lines in figure b) show the empirical formula 3.1 fit to measurements.
a) b)
Figure 5. Noise a) and ratio Signal/Noise b) vs. voltage for forward and reverse bias. Full symbols are for
reverse bias and empty symbols for forward bias, fluence is color coded. Values for one sample per fluence
is shown.
signal/noise ratio as a function of bias voltage. Noise is measured from the distribution of outputs
sampled from the baseline well before the arrival of the trigger. The distribution is fit by the
Gaussian function and noise is taken as the standard deviation σ obtained from the fit. Signal used
to calculate the signal/noise ratio in Fig. 5b) is defined as the mean charge shown in Fig. 4. It
can be seen in Fig. 5a) that at lower bias voltages noise increases slowly because of the increase of
detector current. The increase of noise is larger in forward bias but differences are smaller at higher
fluences following the behaviour of detector current. Above ∼ 700 V the reverse bias noise starts to
increase faster reflecting the onset of multiplication. Signal/noise ratio in 5b) shows that the best
charge collection performance would be achieved at the reverse bias of ∼ 600 V. The benefit of
higher charge measured at higher voltage (Fig. 4) is lost by the large increase of noise. It can also
be seen that at the highest fluence there is almost no difference between forward and reverse biases.
It is important to stress that both the type of detector and the measurement system are not
optimized for low noise operation and results in Fig. 5 should be understood as an example.
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Signal/noise performance of detector with smaller pixel sizes and different breakdown behaviour
might be different but similar effects would govern the optimal detector bias choice.
4 Annealing
Charge collection measurements were repeated after several steps of annealing at 60◦C: after 80,
240, 560 and 1200 minutes.
Figure 6 shows forward and reverse current densities measured at bias of 600 V as a function
of annealing time. Measurements under forward bias were not made at all annealing times for all
fluences and results in Fig. 6a) indicate that forward bias current at a given bias voltage doesn’t
change significantly with annealing time. Under reverse bias in 6b) detector current decreases
with annealing time. Dashed lines in figure 6b) show the calculated time dependence of leakage
current for annealing at 60◦Cmeasured by RD48 collaboration: I ∝ α1 exp(− tt1 )+ (α0− β ln t)with
parameters α1 = 1× 10−17 Acm−1, t1 = 93 min, α0 = 5× 10−17 Acm−1 and β = 3.3× 10−18 Acm−1
and time t in minutes as described in [24]. This function describes annealing of the reverse current
in a fully depleted silicon detector. But, as can be seen in Fig. 3b, current is increasing with bias and
it is not possible to determine the voltage of full depletion so currents measured at 600 V are shown
here. Calculated currents in Fig. 6 were scaled to match the average of the two measurements at 80
minutes. Measured currents after 80 minutes annealing were by about factor of 2 to 3 higher than
caluclated with the standard α = 4 × 10−17 Acm−1, fully depleted detector and after scaling to T
= -30 ◦C. This indicates that multiplication effects might significantly contribute to the current at
these fluences. Current values at higher annealing times were calculated by multiplying the value
at 80 minutes with the expression described above. It can be seen in 6b) that the calculated time
dependence roughly follows the measured points.
a) b)
Figure 6. Forward a) and reverse b) current density measured at 600 V as a function of accumulated
annealing time at 60◦C. Dashed lines in figure b) show calculated annealing curves as explained in the text.
Figure 7 shows the collected charge as a function of annealing at 60◦C. No significant effect
can be seen for forward or reverse bias at 600 V. No significant effect of annealing was also observed
at different bias voltages.
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a) b)
Figure 7. Collected charge at 600 V for forward a) and reverse b) bias as a function of accumulated
annealing time at 60◦C.
5 Effective Trapping Times
Measurements of collected charge vs. forward bias voltage offer the opportunity to estimate trapping
times at extreme fluences. This is especially important as measurements indicate that linear scaling
of effective trapping probability with fluence 1/τ = β · Φeq, measured at O (1014 n/cm2) with
β ∼ 5× 10−16 cm2ns−1 [25, 26], overestimates measured trapping times by 50% already at fluences
of 3 ×1015 neq/cm2 [27]. Trapping time is one of the basic parameters needed for modeling of
detector performance.
Charge collection measurements in forward bias are suitable for estimation of trapping time
because it can be assumed that the electric field in a pad detector is not far from constant E = V/D
where V is the forward bias voltage and D the detector thickness. At high fluences trapping times
are short and drift distances of charge carriers are shorter than the detector thickness. At fluence
Φeq = 1016 n/cm2 the effective trapping time can be estimated as τ = 1/(Φ · β) = 0.2 ns which at
saturated velocity vsat ∼100 µm/ns yields a drift distance of 20 µm. This is significantly shorter
than the 75 µm detector thickness even if trapping times are underestimated by a factor of 2. In this
case it can be roughly approximated that collected charge Q in pad detector is:
Q =
∆Q
δx
· D · 1
D
· v · τ = ∆Q
δx
· v · τ, (5.1)
where ∆Qδx describes the mean charge per unit track length released by a MIP, D is the detector
thickness which cancels with the 1D factor describing the weighting field. v = ve + vh is the sum
of electron and hole velocities and τ is the trapping time. The same value of trapping time is taken
for electrons and holes. Expression 5.1 is accurate to better than 25% if the carrier drift distance is
shorter than D/2 [28].
Sum of carrier velocities depends on the electric field and on fluence and this dependence was
estimated up to extreme fluences from Edge-TCT [6] measurements with forward biased detectors.
Induced current measured with Edge-TCT immediately after the laser pulse is proportional to the
sum of carrier velocities [14] at the location of laser beam. As already mentioned above, in forward
biased heavily irradiated detectors the electric field can be approximated with a constant E = V/D.
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The dependence of sum of carrier velocity v on electric field E was in [6] parametrized with:
v = ve + vh =
µ0,sumE
1 + µ0,sumEve,sat+vh,sat
(5.2)
where ve,sat + vh,sat is the sum of saturation velocities. Relation 5.2 assures that at high bias
voltages the saturation velocity is reached and the only assumption is that saturation velocities don’t
depend on fluence. Saturation velocity is determined by optical phonon emission [29] whose energy
depends on properties of the basic Si crystal cell which should not be influenced by irradiation.
Parameter µ0,sum represents an effective “sum” zero field mobility. It was extracted from the fit
of equation 5.2 to measurements of sum carrier velocities v as a function of forward bias voltage.
Sum of carrier velocities was measured with Edge-TCT at T = -20◦C for different neutron fluences.
Empirical scaling of parameter µ0,sum with fluence was found in [6]:
µ0,sum = 3500 cm2/Vs · ( Φ
1015n/cm2 )
−0.46, (5.3)
which can be used for Φ > 5 × 1015 n/cm2.
From 5.3 it can be estimated that already at Φ ∼ 5 × 1015 n/cm2 the mobility is significantly
lower than in unirradiated silicon. This can be explained by scattering on ionized defects introduced
by irradiation.
From dependence of drift velocity v on electric field and fluence measured with Edge-TCT,
trapping times can be estimated from the fit of Eq. 5.1 to the collected charge measured as a
function of forward bias voltage. For the fit the sum of saturation velocities at T = -30◦C was set to
ve,sat + vh,sat = 175µm/ns [30] and sum zero field mobility calculated from 5.3 was also scaled to
T = -30◦C. Electric field was calculated as E = V/D. Figure 8a) shows the result of the fit of Eq.
5.1 to measured collected charge at different bias voltages. Measured points in Fig. 8a) are averages
from two devices per fluence shown in Fig. 4a and error bars are RMS of measurements and 10%
systematic error added in quadrature. It can be seen that Eq. 5.1 fits the measurements well. It
is different from almost linear behaviour in reverse bias shown in Fig. 4b). Linear dependence
under reverse bias indicates that the electic field is not uniform and that at higher bias voltages
multiplication effects contribute significantly.
Trapping times from the fit written in Fig. 8a) are much longer than values extrapolated using
τ = 1/(β · Φ) with β ∼ 5 × 10−16 cm2ns−1. This is clearly seen in Fig. 8b) where the measured
trapping times estimated from the method described above from this and other estimates [6, 31]
are compared to trapping times calculated with β measured at low fluences. Decrease of measured
trapping times with fluence is less steep and it follows power function τ[ps] = 54 · Φ−0.62, where
Φ is equivalent fluence in 1016 neq/cm2. Difference between measured and extrapolated values
increases with increasing fluence and it is approaching one order of magnitude at 1017 n/cm2.
Direct comparison of effective trapping times estimated under reverse and forward bias may be
questioned because of significantly different detector currents in these two modes of operation
which might influence the occupation of localized energy levels contributing to trapping. However
it was shown in [32] that even larger variation of current did not lead to significant changes of
effective trapping times.
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a) b)
Figure 8. a) Charge as a function of forward bias fitted with 5.1 as explained in the text for different fluences.
Averages of measurements with two devices at each fluence are shown. Figure b) shows comparison of
trapping times from the fit with other measurements and with extrapolation with β = 5 × 10−16 cm2ns−1.
Dotted line is a power function fitted to measurements.
6 Conclusions
In this paper measurements with thin pad detectors irradiated to extreme fluences in the range
from 2.5×1016 up to 1×1017 n/cm2 are described. Measurements were made with 75 µm thick
p-type epitaxial Si detectors made on low resistivity substrate providing mechanical support and
electrical contact with metallized back plane. Edge-TCT measurements were made to check the
active thickness of detectors and lso confirmed that at highest fluences no significant electric field
was found in the low resistivity substrate.
Detector current was measured as a function of bias voltage in reverse and forward bias. It
was shown that forward current is higher than reverse current at the same voltage but the difference
gets smaller with increasing fluence. As a function of fluence the forward current is decreasing
while the reverse current increasing. Under reverse bias a rapid rise of current was observed
above ∼ 600 V indicating significant charge multiplication effects. Current increase with reverse
bias was more pronounced at lower fluence indicating stronger multiplication factor. Annealing at
60◦C was studied. Small annealing effects of forward current was observed. Under reverse bias
current decreases with annealing time and the time dependence can be approximately described
with constants measured at low fluences.
Measurements of charge collection with 90Sr showed that in this fluence range the collected
charge increases linearly with reverse bias voltage and measurements were made up to ∼ 1000 V and
above. Mean collected charge of over 7000 electrons at 2.5×1016 n/cm2 and 3000 electrons at 1017
n/cm2 was measured. But it was shown that above reverse bias of ∼ 700 V large increase of noise
due to breakdown was observed leading to a worse signal/noise ratio despite the larger collected
charge. In forward bias more charge than in reverse bias is collected at voltages below ∼ 400 V. But
higher forward current is associated with larger noise so signal/noise is better in reverse bias. No
significant effects of annealing on charge collection were observed. It should be mentioned again
at this point that signal/noise behaviour observed in this work could be significantly different than
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in tracking detector with much smaller pixel size so it only illustrates effects that govern the choice
of optimal running regime.
Measurements of collected charge in forward bias were used to estimate effective trapping
times at extreme fluences. Dependence of mobility on fluence measured in [6] was used and with
this information trapping times were estimated frommeasurements of collected charge as a function
of forward bias voltage. It was shown that trapping times are much shorter, at 1017 n/cm2 by a
factor of more than 6, than values obtained by extrapolation from low fluence measurements.
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